Abstract: Arginine, useful in protein refolding, solubilization of proteins, and suppression of protein aggregation and non-specific adsorption during formulation and purification, is a ubiquitous additive in the biotechnology and pharmaceutical industries. In order to provide a framework for analyzing the molecular level mechanisms behind arginine/protein interactions in the above context, density functional theory was used to systematically examine how arginine interacts with naturally occurring amino acids. The results show that the most favorable interaction of arginine is with acidic amino acids and arises from charge interactions and hydrogen-bond interactions. Arginine is also shown to form stacking and T-shaped structures with aromatic amino acids, the types of cation-and N-H … interactions, respectively, known to be important contributors to protein stability. The analysis also shows that arginine-arginine interactions lead to stable clusters, with the stability of the clusters arising from the stacking of the guanidinium part of arginine. The results show that the unique ability of arginine to form clusters with itself makes it an effective aggregation suppressant and support the interpretations of the current study using experimental and molecular dynamics results available in the literature. The results also contribute to understanding the role of arginine in increasing protein solubility, imparting thermal stability of important enzymes, and designing better additives.
Introduction
Amino acids are critical to life as they play a central role in biology and physiology, both as building blocks of proteins and as intermediaries or vehicles in various metabolisms. Proteins catalyze almost all intracellular reactions and also control most of the cellular processes. They are active only in their respective, unique three-dimensional (3D) structures. Interactions between amino acids, contained within the protein sequence, carry the necessary information to fold the proteins correctly and stabilize the active structure. For example, a point mutation in the amino acid sequence within a protein can substantially change the interactions and thus the structure and functionality of the protein molecules (Leippert et al. 1997) . Therefore, there is considerable interest in a systematic examination of amino-acid/amino-acid interactions in order to understand the structural stability of proteins.
The problem of protein aggregation is intimately tied to protein folding and the stability of the folded shape and is important not only in cell biology but also in pharmaceutical, recombinant proteins, and the food industry. During the past two decades, the advent of recombinantly expressed therapeutic proteins in the pharmaceutical industry has highlighted the importance of issues such as the chemical and physical stability of the resulting proteins and their stability during long-term storage (Frokjaer and Otzen 2005) . Proteins tend to degrade through aggregation with even a slight change in environmental conditions, including temperature, pH, buffers, and ion concentration. An increasing number of disorders, including Alzheimer's and Parkinson's disease, the spongiform encephalopathies, and type two diabetes, also are directly associated with the deposition of protein aggregates in tissues, including the brain, heart and spleen (Cleland 1991; Cellamare et al. 2008) .
A commonly used technique to prevent protein misfolding and aggregation is the use of lowmolecular-weight additives, termed "artificial molecular-chaperones". Artificial molecular chaperones have been developed to prevent aggregation in vitro and promote efficient refolding of denatured proteins via the addition of chemical compounds, including amino acids (arginine, proline, alanine, etc.) , denaturants (typically guanidine and urea), poly(ethylene glycol), surfactants, and so on (Chen et al. 2009; Lee et al. 2006; Ghosh et al. 2009; Matsuoka et al. 2007; Shiraki et al. 2002; Takano et al. 2009 ). Clearly, the intermolecular interactions between these stabilizers and the amino acids on the protein surface play a dominant role in stabilizing the proteins against aggregation and, therefore, deserve careful attention so that educated choices for stabilizers could be made for a given protein.
One of the most commonly used additives for protein stabilization is arginine, which is effective in suppressing protein aggregation, increasing the refolding yield of proteins, and enhancing the solubility of aggregation-prone proteins as required for pharmaceutical applications (Shiraki et al. 2002) . Apart from this, arginine also finds a number of applications in improving the yield of ion and affinity chromatography (Ejima et al. 2005) . Arginine is also used to protect enzymes from thermal denaturation. An example is phytase, an enzyme which is added to animal feed and then subjected to thermal processing in which the feed is heated to 60-90 C. However, as phytase is a heatunstable enzyme which loses its activity during processing, arginine is added to the pre-feed formulation in order to prevent thermal denaturation. The addition of even as little as 1% arginine to the feed formulation has been shown to remarkably enhance the stability of enzyme (Ryu and Park 1998) .
Although arginine is a frequent choice as an aggregation suppressor, refolding enhancer, and protein solubilizer, the exact stabilization mechanism of how arginine preserves enzyme stability is still unclear, although it is suspected that arginine binds to some regions of the protein via ionic interactions. A number of different hypotheses to explain the mechanism have been reported, including preferential interactions with the protein surface, increase of surface tension, and protein hydration (Arakawa et al. 2007) . Different propositions recently have been advanced to explain the stabilizing effect of arginine. For example, a recent experimental study by Das et al. (2007) suggests that arginine stabilizes proteins against aggregation by reducing the hydrophobic interactions between the proteins through hydrophobic association between the aliphatic chain of arginine and hydrophobic patches on the protein, whereas Ghosh et al. (2009) suggest that strong interactions of arginine with tryptophan residues are the ones responsible for the stabilization. In general, the presently available studies do not explain or illustrate the mechanistic basis of arginine as a protein stabilizer adequately.
It is well known that the amino acid sequence of a particular protein contains all the information needed to fold protein in a specific conformation, 3 which ensures effective interaction within itself as well as with specific receptor sites required to trigger the biological response or functioning of the protein. Interactions with the aqueous solvent, known as the hydrophobic effect, result in residues with non-polar side chains typically being buried in the interior of a protein. Conversely, polar amino acid side chains tend to collect on the surface of a protein, where they are exposed to the aqueous medium. Hence, it was assumed that when therapeutic protein is in its native conformation, interaction between the side chain of exposed amino acids and the arginine will play an important role in stabilizing protein from aggregation. Considering this fact, only a truncated model of a side chain was used in the present calculations. Such a truncated model has been used successfully to study amino acid side chain interactions. Herewith, in order to develop a framework for subsequent analyses of the role of arginine in the above contexts (suppressing protein aggregation, preventing thermal denaturation, and enhancing protein solubility), the atomic level interactions between arginine and each amino acid are studied using density functional theory and a comparative picture of the interaction of arginine with each amino acid is presented. The present analysis sheds light on the different kinds of hydrogen bonds and the dominant interactions that exist between arginine and amino acids in a protein, some of which have been neglected in the past (for example, N-H … interactions) so that one can identify which of the many possible interactions are either favorable or unfavorable for a particular application. Since, in general, favorable interactions lead to an increase in solubility of the protein and suppression of protein aggregation (Shiraki et al. 2002) , and unfavorable interactions have the reverse effect (Timasheff 2002 ), the present study and similar studies for other additives can assist in designing protein-specific strategies to prevent the aggregation and misfolding of proteins, enhance protein solubility, and develop generally accepted guidelines and tests so that unforeseen adverse effects can be avoided by choosing additives most appropriate for a given protein.
Computational Methods
All the calculations presented here were carried out using the DMol3 numerical density functional theory program (Delley 1990; Delley 2000) computed in Materials Studio 4.3 (Accelrys Inc., San Diego, California, USA). The double numerical polarized (DNP) basis set, which includes all occupied atomic orbitals plus a second set of valence orbitals and polarized d-valence orbitals, was employed. Geometrical optimizations were carried out using the local density approximation (LDA) and the Vosko-Wilk-Nusair (VWN) exchange correlation functional. Optimized geometries were refined further by calculating single-point energy using the general gradient potential approximation (GGA) and the Becke-LeeYang-Parr (BLYP) exchange correlation functional. Charges and spin populations were calculated by the Hirshfeld and Mulliken population analysis. The effect of the aqueous environment was accounted approximately by computing singlepoint energies using the COnductor-like Screening MOdel (COSMO) (Klamt and Schuurmann 1993; Klamt 1995) at the GGA-Becke-Lee-Yang-Parr (BLYP) level. Frequency calculations were performed to ensure that structures obtained were indeed minimum energy structures with zero imaginary frequencies.
Charge transfer and chemical bonds are, in most cases, well described within design for testing (DFT) with either the local density approximation (LDA) or the GGA to account for the exchange correlation energy of the electrons. However, DFT does not include London-dispersion forces (Ortmann et al. 2005; Chakarova-Kack et al. 2006) , which represent the dominant stabilization energy contribution required for stacking-type interactions. While it has recently become possible to include such effects in a non-empirical way in DFT calculations for systems of practical interest (Chakarova-Kack et al. 2006) , such calculations are still computationally very expensive. However, dispersion interactions are compensated in DMol 3 by other terms in the interaction energy (Andzelm et al. 2003; Natsume et al. 2006) . In ab initio calculations of interaction energies, the basis set superposition error (BSSE) approach is used to account for incomplete atomic basis sets. The BSSE contribution is expected to be small, as the DMol3 program uses numerical functions that are far more complete than the traditional Gaussian functions (Andzelm et al. 2003) .
The configurational binding energy Eb between arginine and an amino acid was calculated by the following equation:
(1) where [Arg] stands for the energy of the arginine molecule, [AA] is the energy of the amino acid, and [Arg::AA] represents the energy of the arginineamino acid complex. The interaction energy includes the effect of zero-point vibrational energy (ZPVE), which was obtained from normal mode analysis. Gibbs free energy at 298.15 K (room temperature) was calculated using the vibrational analysis from DMol 3 .
The focus of the current study is on the interactions of the guanidinium group of arginine with the side-chains of amino acids with the arginine molecule truncated at the methyl guanidine part in order to focus particularly on the interactions of the guanidinium group of arginine with various protein residues and reduce the computation time and complexity arising from the flexibility of the side-chain of arginine. Further, focus has been restricted to the interactions of the methyl guanidine part of arginine with the sidechains of different residues, as guanidine is known to not interact with the protein backbone (Lim et al. 2009 ). Similar truncated systems have been successfully used previously to demonstrate some of the interactions between amino acids (Melo et al. 1999) . Different possible orientations of each amino acid relative to arginine were studied in order to identify the maximum binding energy, both at 0°K and at room temperature. Because of the positive charge on arginine at neutral pH, the protonated form of arginine was used in the calculations; however, the neutral form was also considered wherever appropriate.
Results and Discussion
Section 3.1 begins with the results of the DFT calculations for the binding energies for arginine's interactions with itself and with the various amino acids. The strengths of binding and the most favorable orientations and structures are discussed. This is followed by brief discussions of other interactions (ie. beyond interaction of arginine with a single amino acid) such as interactions with more than one amino acid simultaneously in Section 3.2. Section 4 then focuses on a particular application, namely, implications of some observations of the role and mechanism of arginine as a protein stabilizer against aggregation, in protein solubility, and the thermal stability of enzymes. It is convenient to classify the amino acids into six different groups and calculate the binding energy of each amino acid with arginine. Group 1 consists of amino acids with acidic and aminecontaining side chains (Asp, Glu, Asn, and Gln); Group 2 contains amino acids with rings (Phe, Tyr, Trp, and Pro); Group 3 is non-aromatic amino acids with hydroxyl R-groups (Ser and Thr); Group 4 is basic amino acids (Lys, Arg, and His); Group 5 is amino acids with sulfur-containing side chains (Cys and Met); and Group 6 contains amino acids with aliphatic R-group side chains (Gly, Ala, Val, Leu, and Ile) [ Table 1 ].
Interaction of Arginine with Single Amino Acids

Group 1: Acidic amino acids and their amides
The interaction of the side-chains of amino acids in proteins is a determining factor of the mechanisms behind a wide variety of biological phenomena such as antigen/antibody recognition and enzyme-substrate interactions. In particular, the interactions involving ionic groups of opposite charges are expected to be more dominant because of the electrostatic contributions. One special case of these interactions involves the guanidinium group of the arginine and carboxylate group of acidic amino acids-forming a guanidinium-5 carboxylate salt bridge. A detailed theoretical study of the interaction of arginine with acidic amino acids has been presented previously by Melo et al. (1999) , who showed that the zwitterionic form of amino acids is more stable in an aqueous environment while the neutral form is more stable in vacuo. A similar situation was observed in the present calculations as well as strong interactions of arginine with acidic amino acids in the aqueous environment. The calculations of the current study indicate that preferred conformations of the arginine/amino acid pair are those where it is possible to establish two hydrogen bonds of the type N-H … O C, where the two oxygen atoms of the carboxylate group of acidic amino acids share a partial negative charge and the two N-H groups of arginine carry a partial positive charge. There are two such interactions possible involving different nitrogen atoms of arginine. The results show a pronounced difference between the two conformations, with the hydrogen bonds of carboxylate with 1N and 2N being preferred over the hydrogen bonds with N and 2N of the arginine. The difference between the binding energies of the two conformations is 26.21 kcal/mol. Interactions between arginine and amino acids with amide side chains (Asn and Gln) are weaker than those with acidic amino acids ( Figures  1A and B) . The difference in binding energies between acidic and amino-side-chain-containing amino acids was found to be ~10 kcal/mol [ Table  2 ], since only one hydrogen bond is possible in the latter case. In summary, arginine has a stronger interaction with acidic amino acids than with amido-side-chain-containing amino acids.
The results shown above are based on calculations done at ground state (0 °K). Additional calculations were performed to include the effects of entropy and temperature (298.15°K). The Gibbs free energies of binding (Gb 298.15K ) of arginine with the various amino acids are also presented in Table  2 , which shows that even at 298.15°K, the interactions between arginine and acidic amino acids dominate those with other amino acids.
Group 2: Amino acid-containing rings
Arginine forms parallel stacking interactions with aromatic amino acids (Flocco and Mowbray 1994) . These types of aromatic-arginine interactions, which are often found in locations critical to the activities of proteins, apparently serve to orient the arginine side chain without interfering with its ability to form hydrogen bond elsewhere. Longrange interactions between arginine and aromatic residues have been reported by Martis et al. (2008) ; here, the cation from arginine interacts with thecloud of the aromatic rings, forming a stacking cation-interaction. In this type of interaction, the side chains of aromatic amino acids provide a surface of negative electrostatic potential that can bind to a wide range of cations through predominantly electrostatic interactions. Martis et al. (2008) performed detailed analyses on a number of different proteins to show that 31% of the total Trp residues within the protein structure participate in such interactions with arginine. These types of cationinteractions are more hydrophobic in nature than electrostatic. Martis et al. (2008) also observe that, amongst all the aromatic residues, the average energy of Arg-Trp interactions is the highest; however, Phe is shown to have the maximum number of such interactions. Recently, Ottiger et al. (2009) also studied hydrogen bonding interactions between amino and aromatic moieties. They suggested that the formation of such a T-shape interaction is due to the hydrogen bonding of a N-H … nature. These interactions are amongst the weak intermolecular interactions found in proteins and play an important role in biological systems. Although Flocco and Mowbray (1994) suggest that parallel stacking interactions between arginine and aromatic residues are commonly found in protein structures and have high binding energies, the DFT calculations of the current study showed that T-shape interactions are more favored than the parallel stacking interactions by approximately 1.0 kcal/mol. This indicates that there is a competition between the parallel stacking and N-H … hydrogen bond (T-shape) interactions ( Figure 1E and F) . The highest Eb of arginine with Trp was observed in Group 2 amino acids [ Table 2 ] because the indole group of Trp provides a larger negative electrostatic potential than benzene or phenol, thus making Trp constitute a more attractive cation-binding site.
Proline is a small molecule with a non-aromatic ring, and has therefore been included in the Group 2 classification. The binding energy of arginine with proline is -19.67 kcal/mol, higher than the one corresponding to tyrosine (-18.75 kcal/mol). The binding energy between Arg and Pro falls in between those of parallel stacking and T-shape interactions due to the flexible nature of the ring [ Fig. 1H ].
In summary, the binding energy of arginine with respect to amino acids with rings is in the following order [ Table 2 ]:
Trp > Pro > Phe > Tyr Ito et al. (2011) , based on X-ray studies, reported that lysozyme mostly interacts with arginine. Shah et al. (2011; 2012) reported similar results using experimental and molecular dynamics studies.
Group 3: Amino acids with non-aromatic hydroxyl Rgroups
The hydroxyl side chain of serine/threonine in a protein can establish additional intramolecular hydrogen bonds; in particular, it can act as a proton donor as well as a proton acceptor. Calculations from the current study show that the binding energy for arginine with serine is -22.70 kcal/mol and for threonine it is -21.11 kcal/mol. Strong binding energies were observed between arginine and Ser/Thr in a conformation where the hydrogen in the hydroxyl group of Ser/Thr points away from the arginine guanidinium group, hence making an N-H … O type of hydrogen bond [ Fig. 1D ]. Thus, electrostatic interactions and hydrogen bonding play a dominant role in the stabilization of such complexes. Also were calculated interactions of these amino acids with the neutral form of arginine; however, the binding energies of the resulting complexes are smaller (-9.20 kcal/mol for serine, -4.90 kcal/mol for threonine) than the ones corresponding to the cationic form of arginine. Hence, Ser/Thr also demonstrates a favorable interaction with arginine through N-H … O electrostatic interactions.
Group 4: Amino acids with basic groups
Although it is intuitive that arginine would have repulsive interactions with basic amino acids because both arginine and the basic amino acids have similar charges, a strong binding was observed in the form of parallel stacking alignment due to van der Waals interactions. We begin with the interaction of arginine with itself, which has a very high energy of -35.15 kcal/mol [ Table 2 , Fig.  1I ]. Such stacking interactions are often found in protein structures. Also evaluated was the binding energy for the complex with the two arginine molecules placed face-to-face. Such selforganization is, however, not favored as it leads to charge repulsions (+3.90 kcal/mol). The formation of arginine clusters was studied using quantum calculations and experiments in the gas phase (Julian et al. 2001) , where it was suggested that cyclic arginine trimers possess exceptional stability. However, in the solvent environment, it was observed that stack interactions also possess good stability. As shown in Table 2 , arginine-arginine interactions remain prominent even at room temperature.
Similarly, the parallel stacking interactions for lysine with arginine are also very stable. The binding energy of neutral histidine with arginine is high (-25.89 kcal/mol) due to the presence of a N-H(Arg) … N(His) interaction in the complex (Fig.  1G) . The results presented in this section highlight the unique tendency of arginine to form stable clusters in the form of stacks with other arginine molecules. In addition, the results show that arginine also interacts with lysine and histidine through such stacking interactions.
Group 5: Amino acids with sulfur-containing groups
Cysteine plays a crucial role in determining the structure as well as functions of many proteins and has a high reactivity due to the presence of the thiol group. The disulfide bond formed between two cysteines has an important role in protein folding. Sulfur-containing functional groups of cysteine and methionine are normally considered hydrophobic moieties or weak hydrogen bond acceptors in a folded protein structure. Gregoret et al. (1991) studied the hydrogen bonds involving sulfur atoms in proteins and found the interaction between arginine and sulfur-containing amino acids to be the N-H … S type. Detailed analyses of these types of S … X interactions (where X = N or O) are presented by Iwaoka et al. (2002) . These interactions contribute greatly to the stability of proteins.
The binding energy for cysteine with arginine is -24.88 kcal/mol, while for methionine it is -20.43 kcal/mol. These interactions are similar in nature to those of serine and threonine. Here the hydrogen (-SH) of Cys and the methyl group (-SCH3) of Met point away from the arginine amino group, while the N-H of arginine forms a hydrogen bond with the sulfur [Fig. 1C ]. This hydrogen bond could be due to the n(S) *(N-H) orbital interaction in which the N atom tends to approach the lone pair of the S atom. Such a hydrogen bond is usually weaker than the N-H … O type hydrogen bond. The lone N-H pair type interaction could also be hydrophobic in nature since, although sulfur is quite polarizable, it is less electronegative.
Group 6: Amino acids with aliphatic groups
Aliphatic interactions, also termed hydrophobic interactions, play a major role in protein folding and protein aggregation processes. Most of the hydrophobic groups are believed to be exposed to the solvent environment once a protein denatures.
Therefore, as arginine is used as a protein stabilizer, the interactions between arginine and the aliphatic amino acids become very important. Although the aliphatic groups do not contain any functional group and thus lack any specific interactions with arginine, favorable interactions of these amino acids with arginine because of induced-dipole interactions were observed [ Fig. 2] . The binding energy varies from -15.62 kcal/mol to -18.19 kcal/mol, with the energy of interaction for alanine being the highest and the one for isoleucine being the lowest in Group 6. It is believed that the reason for the observed trend is the larger size of isoleucine, in which the induced dipole gets distributed throughout the molecule. It is notable that the energy for glycine was not computed as it does not have any side chain. Figure 2 shows the induced dipole for the case of alanine. Although the binding energy of the guanidinium group of arginine and aliphatic amino acids is low, it should be noted that the hydrophobic side chain of arginine interacts favorably with aliphatic amino acids through the van der Waals interaction. 
Additional Special Interactions of Different Amino Acids with Arginine
In addition to the interactions of arginine with single amino acids, it was observed that arginine can act as a strong link between two amino acids since the side chain of arginine (ie. the guanidinium part) has two N atoms that can take part in hydrogen bonding. Selective combinations of arginine with Glu, Asp, Trp, Phe, and Tyr were examined and it was found that arginine can form two strong salt bridges with two acidic amino acids simultaneously. Binding energies for these interactions are -46.33 kcal/mol [ Fig. 3A ]. In addition, the binding energies for Trp-Arg-Trp, Tyr-Arg-Tyr, and Phe-Arg-Phe complexes were 9 computed in parallel stacking arrangements [Fig. 3B] . These energies are approximately -10.0 kcal/mol. The T-shape geometry (-30.30 kcal/mol) is more favored than the stacking interactions in the type of bridging interactions above. Hence, the stacking interactions of Arg with aromatic residues are weaker than the salt bridges with the acidic amino acids. These types of interactions can play a key role in protein aggregation.
Next the formation of arginine clusters was probed. As reported in the literature, arginine displays a strong stacking interaction with itself. For example, the DFT studies of Julian et al. (2001) suggest that arginine forms cyclic trimer clusters in the gas phase. In these clusters, protonated guanidinium of an arginine interacts with the carboxylate group of another arginine to form stable non covalent complexes in the form of cyclic trimer coordinated to either a cation or an anion. Further, the experimental studies by Das et al. (2007) confirmed the formation of arginine clusters and reported that, in a solution environment, hydrophobic interactions (from the aliphatic chain of arginine) play a dominant role in the formation of such clusters. Although hydrophobic interactions arising from the aliphatic side chain of arginine may contribute to the formation of clusters, the current study focuses on the interaction involving the guanidinium group, since, as discussed further below, it is the guanidinium group that is critical to the formation of clusters. Arginine can also form different types of clusters (eg. Julian et al. 2001) , but the focus of the current study is only on the clusters in the form of stacks, as these clusters would be more hydrophobic in nature and might be useful to mask exposed hydrophobic residues on the protein surface. The stacking interactions between the guanidinium groups of arginine help in stabilizing the arginine-arginine complex. In order to quantify the optimum arginine pairing in the stacking interactions, DFT calculations for up to five arginine molecules in a stack were carried out; the binding energy increased linearly with the number of arginine molecules and the HOMO-LUMO gap of the complex attains a minimum for a stack of five Arg [ Table 3 ; Fig. 3C ]. Das et al. 14 suggested that typically 8-10 molecules are present in an arginine cluster. These clusters can be formed by stacking or parallel or both. Calculations in the current study show that clusters containing up to seven arginine molecules are stable based on the binding energy even at 298.15°K [ Table 4 ]. 
Implications to Arginine's Role as a Stabilizer or a Solubilizer
Here the implications and use of the above results in the context of a few typical uses of arginine are discussed.
Arginine as an Aggregation Suppressant
The results reported above shed light on the mechanism behind arginine's role as an effective suppressant of protein aggregation as calculations clearly suggest that the guanidinium group of arginine interacts with a variety of amino acids. In particular, it forms strong salt bridges with the acidic amino acids and strong stable clusters with itself and can also interact favorably with the aromatic amino acids. Protein structures contain mostly hydrophilic amino acids on the surface, which include Group 1 and Group 4 amino acids, according to the classifications of the current study. The current calculations show that arginine binds strongly with these residues. The aliphatic, methylene groups in the side chains of arginine molecules bound to Group 1 and Group 4 amino acids can easily mask any exposed hydrophobic patches on the proteins, with the polar end-caps on the side chains providing a solvent-friendly shield. In addition, molecular clusters of arginine can also shield the hydrophobic patches on a protein, thereby further reducing the tendency of the proteins to aggregate. The importance of the arginine clusters for stability was also highlighted by Das et al. (2007) based on their light scattering and chromatographic analyses of clustering in arginine solutions and the effect of arginine on heat-induced aggregation of Alzheimer's beta amyloid A 1-42 protein. Das et al. (2007) suggested that the arginine clusters are stabilized through hydrophobic interactions among the methylene groups. However, while the current researchers' DFT studies also predict clustering of arginine and, in fact, the guanidinium group of arginine contributes to the stability of the resulting clusters. The role of the guanidinium group in the formation of such clusters becomes more evident when one compares the behavior of arginine against that of lysine in solution. Lysine, although quite similar to arginine in structure, lacks the guanidinium group (lysine has an amino group at the end of its side chain), does not form stable clusters, indicating that a similar side chain alone is insufficient to promote the formation of clusters. It is worth noting that the above conclusion concerning the role of the guanidinium group is also consistent with the recent molecular dynamics simulations of Vondrasek et al. (2009) on short di-or deca-arginine peptides. In particular, Vondrasek et al.'s (2009) results show significant pairing of the guanidinium groups, which is further confirmed by independent ab initio calculations. The results of the current study indicate that the planar geometry of guanidinium promotes its alignment with the guanidinium group of another arginine molecule and causes the formation of arginine clusters in a solution. One might expect, however, that the hydrophobic interactions among the methylene groups might further stabilize the stacks as they are formed, but such interactions alone are insufficient by themselves to sustain clustering. Apart from stacking clusters, as noted in the above calculations, other possibilities of arginine clustering do exist. For example, carboxylate part of an arginine molecule can interact with the guanidinium group of another forming a cluster, but the current researchers believe that only clusters that could create enhanced hydrophobicity (arising from the methylene group of arginine) contribute to protein stability.
In summary, it is proposed that the interactions discussed here contribute to the stability of the proteins in a number of ways. First, the aliphatic side-chains of arginine clusters can mask the exposed hydrophobic patches on the proteins. In addition, the hydrogen bonding interactions between arginine and the hydrophilic residues of a protein, especially the interactions with acidic amino acids, promote the binding of arginine to the proteins (through the guanidinium group), and the aliphatic chains of such bound arginine molecules can also shield any neighboring hydrophobic residues on the protein.
Thermal Stabilization of Proteins
As noted in Section 1, arginine is also used for the thermal stabilization of proteins. The binding energies for arginine-amino acid interactions reported above in Section 3 shed some light on the potential interactions at play in the thermal stabilization of phytase (Ryu and Park 1998) . For instance, the Gibbs free energy for interaction between Arg-Asp is about 17.6 kcal/mol even at 90 C when the DFT results are adjusted for the effect of temperature (a reduction of about 20% from the magnitude at room temperature), whereas the corresponding magnitudes of Gibbs energies for the interactions of arginine with the other amino acids diminish even more, with some becoming almost zero or even positive. Hence, the ionic interactions between arginine and acidic amino acids might be responsible for inducing stability to these enzymes at high temperatures. The interaction of arginine with various amino acids [ Table 2 ] also identifies the factors that can enhance the stability of proteins in extreme conditions. This is of particular interest because it raises the possibility of engineering enzymes with enhanced high-temperature stability and catalytic efficiency for industrial applications. One of the approaches to achieve this goal would be to use site-directed mutagenesis to replace surface hydrophobic residues with acidic amino residues.
Arginine as a Solubilizer
Arginine is also widely used to increase the solubility of various proteins, although how arginine enhances the solubility is not known currently. Favorable interactions of amino acid residues with an additive will results in enhancement of the solubility and vice-versa. The current study's DFT calculations adjusted to room temperature suggest that arginine has fairly strong interactions with all amino acids except valine and isoleucine [ Table 2 ]. This is in agreement with the experiments carried out by Arakawa et al. (2007) The above discussions illustrate that the DFT study presented here not only provides information about important interactions which occur within a protein molecules (ie. between the different amino acid side chains and arginine) but also sheds light on the crucial role played by arginine in the suppression of protein aggregation, in increasing the solubility of proteins and thermal stability of important enzymes, and in separation techniques.
Conclusions
In summary, the researchers carried out detailed first-principles density functional theory calculations of the structures and the binding energies of the 20 different amino acids with arginine. The theoretical calculations undertaken show that arginine has the strongest interactions with acidic amino acids, followed by interactions with itself. Detailed explanations of the types of interactions and conformation have been discussed above. The binding energies of arginine with all the other amino acids fall in a close range, from -15.62--22.49 kcal/mol (at a ground state) below the binding energies with acidic amino acids. Various interactions such as N-H … , a hydrogen bond, van der Waals, induced-dipole, etc. have also been identified as the cause of the stability of the interactions of arginine with the other amino acids. Most of these interactions occur within the protein structure, and the comparative study presented provides a framework for identifying the dominant interactions that help in the stabilization of the protein structure.
As noted in the introductory section of the paper, arginine is a popular choice as an additive for effective suppression of protein aggregation and protein solubilization; however, the mechanistic basis behind the stabilization action of arginine is still not fully understood. The calculations in the current study provide a basis for understanding the role of arginine in this respect. Arginine favorably interacts with the side chains of many amino acids. The results also reveal the strong interaction of arginine with the acidic amino acids through the formation of salt bridges. Acidic amino acids are generally present on a protein surface because of their hydrophilic nature; thus, they are easily accessible to the arginine molecules to interact with. These interactions are believed to be major contributors to increase the solubility of proteins. However, as discussed earlier, which of the numerous other interactions detailed in the paper are also likely to influence stabilization/solubilization depends on the distribution of surface residues and the relative magnitudes of the binding energies in their interactions with arginine. Although a variety of factors influence protein stability and solubility, charge interactions between arginine and acidic amino acids appear to play a major role.
To the best of the authors' knowledge, the present study is the first to examine the interaction between arginine with all other amino acids. In addition, the parallel stacking of arginine with itself as clusters in a solution environment was also analyzed, which would further help in elucidating the functioning mechanism of this unique additive. Finally, it is noteworthy that the approach outlined here can be used for additives other than arginine to analyze systematically how those additives interact with proteins and to design better additives and mixtures of additives.
